types of roadways with increasing distance and reach background levels within a few 1 hundred meters. Karner et al. (2010) synthesized field measurements of near-roadway 2 pollutants from over 40 monitoring studies and investigated the concentration-distance 3 relationship. The variation of UFP concentrations near roadways among studies is likely 4 affected by factors including meteorological conditions (wind speed, ambient 5 temperature, relative humidity, and atmospheric stability), traffic characteristics (volume 6 and fleet composition), the geometry of roadways, and aerosol transformation processes 7 (nucleation, coagulation, condensation/evaporation, and dry deposition). However, field 8 measurements alone are often associated with such limitations as low spatial or temporal 9 resolution in sampling, conclusions restricted by local meteorology, and difficulties in 10 separating the effects of interactive processes. 11
Therefore, numerical modelling of UFPs has been conducted to address these limitations. 12 Due to the challenge of resolving processes with very different scales, a two-stage 13 dilution modelling strategy, including 'tailpipe-to-road' and 'road-to-ambient' dilutions, 14 has been proposed (Zhang and Wexler, 2004; Zhang et al., 2004) . In the first stage (i.e. 15 'tailpipe-to-road'), strong vehicle induced turbulence (VIT) results in fast and strong 16 dilution (dilution ratio ~1000 in 1 s) and triggers nucleation and 17 condensation/evaporation. While in the 'road-to-ambient' stage, atmospheric boundary 18 layer turbulence (ABLT) continues to dilute exhaust particles with ambient air 19 accompanied with particle size changes due to condensation/evaporation. A review study 20 by Carpentieri et al. (2011) has shown that, with recent advances in numerical modelling, 21 computational fluid dynamics (CFD) models can be valuable tools for nanoparticle 22 dispersion in the first stage of dilution. In addition to the limited spatial scale of the 23 dispersion investigated, other limitations in these most recent modelling studies include 1 PSD and chemical composition not being explicitly resolved (Chan et al., 2010) . Recent 2 modelling studies of UFP dispersion on street level, on the other hand, have crudely 3 simplified treatment of vehicular emission, VIT and aerosol dynamics (Gidhagen et the "tailpipe-to-road" dispersion into the "road-to-ambient" dispersion stage for the first 7 time. As the authors noted, however, the proposed approach remains computationally 8 demanding, especially when both particle size and chemical composition need to be 9
resolved. To effectively model UFP dynamics and dispersion near roadways in a single 10 unified 'tailpipe-to-ambient' domain, a unique approach of applying periodic boundary 11 conditions to the computational domain is proposed in this paper. Compared to a 'road-12 to-ambient' dispersion modelling approach, the advantage of a unified domain is that the 13 uncertainty due to a simplified or non-existent treatment of VIT can be greatly reduced 14 by explicitly modelling VIT. With VIT being explicitly modelled, aerosol dynamics 15 (such as nucleation, condensation and evaporation) triggered by the rapid first-stage 16 dilution can be properly incorporated into dispersion models to study their effects on 17 roadside air quality. From a modelling perspective, such a unified model provides a tool 18 to link individual tailpipe emissions (controlled laboratory measurements) to roadside air 19 quality (ambient field measurements), which is a noted challenging task (Keskinen and 20 Ronkko, 2010) . As the main focus of this paper, we present the development and 21 validation of a multi-component sectional aerosol dynamics-CFD coupled model to 22 secondary phase in a control volume (equivalent to the number concentration of particles 1 of the same size) is obtained by numerically solving the continuity equation for the 2 secondary phase with a specified source term due to aerosol dynamic processes. The 3 diffusive mass flux in FLUENT is modelled as the sum of two components: molecular 4 and turbulent diffusion (e.g. Eq. 4 in (Di Sabatino et al., 2007) ). Turbulent diffusion due 5 to VIT and ABLT are the main dilution mechanisms for pollutants in the near-road 6 environment (Zhang and Wexler, 2004) . The key parameter governing modelled 7 turbulent diffusion of pollutants using the RANS approach is the turbulent Schmidt 8 number (Sct), which is defined as the ratio of the turbulent momentum diffusivity and the 9 turbulent mass diffusivity. Analyzing a widely distributed range of Sct (0.2-1.3) in 10 literature versus the commonly used values (0.7-0.9), Tominaga and Stathopoulos (2007) 11 found that, for plume dispersion in open country for example, a smaller value of Sct 12 might be used to compensate the underestimated turbulent momentum diffusion. They 13 further suggested to adopt its "standard" value in simulations without this type of 14 underestimation. Therefore, given the successful model validation on TKE (discussed in 15 Section 4.1.1), the standard value of 0.7 for Sct is used in our study. Thus, the advection, 16 the turbulent mixing, and the diffusion of gases and particles are inherently treated by 17 FLUENT through the continuity equation for each phase. Aerosol dynamic processes, 18 which change the chemical components in particle and gas phases, are integrated through 19 the source terms in continuity equations, and incorporated into FLUENT through User-20
Defined Functions (UDF). 21 22
Aerosol dynamics 23
Each secondary phase is a particulate phase composed of mixed chemical components 1 within a specified size range. The density of particles in a given size bin is dynamically 2 computed by FLUENT based on the volume-weighted mixing law. ) is computed from the ratio of the phase volume fraction solved by 9
FLUENT to the particle volume of a certain size: 10 6 3 10 , (4 / 3) ( / 2)
where Dp is the diameter (in m) for particles in size bin p. And the local mass 12 concentration of chemical component i from particles in size bin p is calculated from the 13 phase volume fraction ( p  ) and the local mass fraction (Yi) as:
The underlying implementation of aerosol dynamics is a multi-component, size-resolved, 16 sectional aerosol model, as described as follows. 17
Nucleation 18
Immediately after tailpipe emissions, new particles form by homogeneous nucleation 19 with initial particle size around 1.5-2.0 nm in the first few milliseconds of exhaust 20 cooling and dilution (Kulmala et al., 2007) . A qualitative investigation by Zhang and 21 Wexler (2004) found that sulphuric acid-induced nucleation could be the dominant new 1 particle production process. The experimental study conducted by Arnold 
Coagulation 12
Particles in the exhaust plume collide due to random (Brownian) motion and turbulent 13 mixing to form larger particles, which is called coagulation. The coagulation process 14 reduces N (mainly in the smaller size range) while preserving the aerosol total mass. 15 However, it modifies the particle number size distribution, and internally mixes particles 16 of different chemical composition over the population. Coagulation may be driven by 17
Brownian motion, turbulent flow conditions, gravitational collection, inertial motion and 18 turbulent shear respectively. Individual coagulation rate coefficients (or coagulation 19 kernels) due to the above driving forces are calculated in this work based upon Jacobson 20 (2005) , with consideration of particle flow regimes and convective Brownian diffusion 21 enhancement. The overall coagulation rate coefficient is the summation of individual 22 coefficients. 23 contact and remain on the surface (Jacobson, 2005) . Brownian diffusion is more effective 1 in removing smaller particles due to their larger diffusion coefficient, while 2 sedimentation is more important for larger particles whose fall speeds are much higher. In 3 the current study, parameterization of particle dry deposition follows the size-resolved 4 dry deposition scheme developed by Zhang et al. (2001) . The effect of turbulent mixing 5 on particle dry deposition is taken into account by the locally calculated friction velocity. 6 This parameterization has been successfully validated and implemented in a number of 7 air quality and climate studies (e.g. (Gong et al., 2003 ;Pye and Seinfeld, 2010)), and it 8 has recently been improved and extended (Petroff and Zhang, 2010) . The recent 9 development accounts for more detailed characteristics of the surface canopy, and 10 suggests possible overestimation of dry deposition velocity for particles in the fine mode. 11 Thus, our current study is likely biased to overestimate the removal of UFPs by dry 12 deposition. 13 14
Modelling turbulence 15
For turbulence modelling, although the large eddy simulation (LES) approach has been 16 reported to be a more promising solution, the standard k-ɛ turbulence model is 17 implemented in this work for several reasons. First, the high computational demands of 18 the LES approach prevent its application for modelling the dispersion and transformation 19 of multiple pollutants with complex geometry (i.e. gas and particle emissions and aerosol 20 dynamics from multiple vehicles in this study). Compared to RANS closures, the LES 21 approach is at least one order of magnitude more computationally expensive (Rodi, 22 1997 ). Secondly, a proper treatment of the atmospheric boundary layer (ABL) has proven 23 to be crucial to dispersion modelling studies (Blocken et al., 2007b; Zhang, 1994) . conditions. The CRUISER mobile lab housed instrumentation to measure BC, CO2, and 20 UFP while driving transects perpendicular to the highway. Following a previous study 21 (Gordon et al., 2012a) , data were filtered for winds within 45º of the highway normal, 22 which results in removing less than 5% of the data. In addition, particle size distributions 23 between 14.6 and 661.2 nm were measured at two fixed sites with an SMPS every 3 1 minutes and averaged for 05:00-06:00 and 06:00-08:00 a.m. of 14 and 15 September 2 2010 for model validation. 3
Computational domain and flow boundary conditions 4
The sizes of computational domain used for near road dispersion modelling in this study 5 are summarized in Table 2 . The computation domain for the base case simulation, for 6 example, is shown in Fig. 1a In addition to meteorological and traffic data, chemical data of gases and particles are 9 required as part of CFD boundary conditions. According to the source type, the required 10 chemical data are divided into two categories: background concentrations and traffic 11 emission rates. The mass concentrations of background gaseous and particulate species 12 from the FEVER field measurements are listed in Table 3 , with their corresponding 13 values used as model input. The background gas phase includes dry air (O2 and N2), 14 water vapor and CO2. The CO2 volume fraction and RH value are converted to mass 15 fractions to specify the species input values for the velocity inlet boundaries. For the 16 particulate phase, a bi-modal log-normal particle size distribution is assumed (as 17 summarized in Table 5 to the ratio of their background mass concentrations listed in Table 3 . 22
Vehicles driving on the highway continuously emit a complex mixture of gases and 1 particles. It is not possible to include a complete set of gaseous and particulate species in 2 the model, which also is not numerically practical. In this study, the tailpipe emission 3 rates of the gaseous and particulate species are summarized in Table 4 . Currently, the 4 exhaust gas is composed of CO2, H2O, H2SO4, SVOCs, and N2, which are key species to 5 the aerosol dynamics and dispersion. The treatment of H2SO4 as direct emission rather 6 than a mixture of SO2 and SO3 followed by hydrolysis has been explained in Section POA. Given the mass flow rate of the tailpipe exhaust, the mass fraction of each 10 individual species can be estimated from its mass emission rate listed in Table 4 . These 11 mass fractions are used to specify chemical boundary conditions for tailpipes. 12 
Near-road concentration gradients: CO 2 and BC 23
As a chemically passive gas species in vehicular emissions, CO2 is an ideal indicator of 1 atmospheric mixing of tailpipe exhaust with ambient air. In a previous study (Kim et of 6-700 nm in diameter. On the other hand, the estimated emission factors for sub-7 micrometer particles generated by the road-tire interaction under steady driving condition 8 based on these studies vary significantly, indicating that the emission strength tends to be 9 very site specific. Thus, the underestimated particles larger than 100 nm might be a result 10 of missing estimates of non-tailpipe emissions for the underlying site. 11 Table 6 . The base case simulation demonstrates that in moving from Site B to Site C, 22 the nucleation mode particles decreases by approximately a factor of 3, and the 23 geometric-mean diameter increases by 4.5 nm. The modelled soot mode and 1 accumulation mode particles are excluded from the analysis due to significant 2 underestimations compared to the measurements, as discussed in the previous section. 3 The results of excluding particle dry deposition process are investigated first because its 4 impact on N can interact with particle nucleation and condensation processes, as 5 discussed later in this section. 6
When particle dry deposition is deactivated in the model, nucleation mode particle 7 numbers increase significantly (~ 23 and 53% at Site B and C, respectively), resulting in 8 1-5 nm smaller geometric mean diameters compared to the base case as listed in Table 6 . 9
The modelled particle dry deposition velocity is up to 0.2 m/s for the smallest particles of 10 3-5 nm in diameter due to strong Brownian diffusion. Our results show that particle dry 11 deposition plays a significant role in governing N in the vicinity of roadways between 30 12 and 300 m. of nucleation mode particles during their atmospheric transport. It also reflects the strong 5 interactions between particle growth and removal processes in governing the simulated 6 particle number. Without the condensational growth of nucleation mode particles, new 7 particles formed due to the BHN mechanism remains in the smallest size bin of 3-5 nm in 8 diameter. Immediately after formation, these particles are subject to efficient removal by 9 dry deposition due to their small particle sizes, resulting in the lowest N among scenarios. 10
This result implies that controlling tailpipe SVOC emissions may indirectly help reduce 11 UFP number concentrations in the vicinity of roadways. 12
For the scenario without BHN of H2SO4-H2O, the geometric mean diameters at both sites 13 are similar to the base case with slightly more condensational growth in size. However, 14 the particle number concentrations are underestimated by 36 and 10% at Site B and C, 15 respectively, compared to the base case. This implies that over 60 and 90% of the 16 nucleation mode particles at Site B and C are attributed to HDV emissions with non-17 volatile cores. The result also shows that the BHN of H2SO4-H2O has the greatest impact 18 on the particle population closest to the road. This is because the particles formed through 19 BHN are much smaller in size than those directly emitted with non-volatile cores around 20 15 nm in diameter. Thus, particles of BHN origins are subject to faster dry deposition 21 removal, and contribute less to N at greater distances in the near-road environment. 22
However, it should not be ignored in air quality modelling studies of mobile emissions, 1 especially within the first 100 m of the roadways. 2
The scenario excluding particle coagulation alone results in the least impact on both N 3 and geometric mean diameter of nucleation mode particles near the road. The results 4 strongly agree with both timescale analysis (Zhang and Wexler, 2004) the concentration difference for CO2 (as shown in Fig. 6b ) between the two simulations is 2 only slightly different (~ 10% of its background corrected peak value). The 3 underestimated concentrations of both pollutants are due to unrealistic acceleration of the 4 surface wind and changes in the TKE profile in the upstream region of the computational 5 domain, as discussed in (Blocken et al., 2007b) . Thus, the concentration underestimation 6 for CO2 is the result of the overestimated dilution near the surface, where vehicular 7 exhaust occurs. 8
In addition to the overestimated dilution effect on particle dispersion, the impact of the 9 ABL on UFP number concentrations is enhanced by the reduced nucleation rate due to 10 the underestimation of gaseous precursors (i.e. H2SO4 and H2O) in the vehicle wake 11 regions. The maximum nucleation rate from both simulations is around 2.9×10 homogeneous nucleation, condensation/evaporation of SVOCs, and particle dry 19 deposition. However, for such an unconfined near-road environment as in this study, 20 coagulation appears to have negligible effect on UFPs. Results also suggest that UFPs 21 from mobile sources may be even more sensitive to ABL conditions than inert species 22 because the average nucleation rate in vehicle wakes is very sensitive to the dilution of 23 H2SO4. Therefore, introducing ABL conditions to activity-based emission models may 1 potentially improve their performance in estimating UFP traffic emissions. 2
The next step of our study is to conduct multiple-scenario simulations and to provide 3 parameterizations on mobile emissions to large scale air quality models. Ultimately, a 4 unified model of UFP dynamics and dispersion can help predict exposures in the vicinity 5 of roadways to support risk assessments and health effect studies. Better treatment of 6 these processes in air quality models is also expected to allow for more accurate 7 predictions of the impacts specific vehicle emission control strategies may have on near-8 road air quality and subsequent health and environmental benefits. 
